A PCR protocol was established that not only allows the detection of, but also the differentiation of species of the genus Orthopoxvirus. This assay was accomplished by the selection of oligonucleotides located within the gene that encodes the A-type inclusion protein of cowpox virus. The primer pair flanked a region exhibiting distinct and specific DNA deletions in the corresponding sequences of vaccinia, mousepox, monkeypox and camelpox virus. For this reason, PCR resulted in DNA fragments of different sizes. The presented PCR protocol, combined with BglII restriction digests, allowed the unequivocal assignment of 42 orthopoxvirus (OPV) strains and isolates to the correct OPV species. The resulting classification corresponded exactly with known biological data for the OPV strains investigated. Furthermore, 13 out of 22 cowpox virus isolates could be subtyped by the presence or absence of a small BgllI fragment. DNA sequencing showed that the lack of this BgllI fragment was caused by a deletion of 72 nucleotides.
Introduction
Smallpox, the most severe disease caused by infection with orthopoxviruses (OPV), has been eradicated from the human population since 1980. However, other members of the genus Orthopoxvirus such as cowpox, camelpox or monkeypox virus are also pathogenic for animals and man (for a review see Baxby, 1988; Fenner et al., 1989) . During the last two decades, infections of zoo animals and cats have been reported more frequently (Baxby, 1988; Mahnel, 1991) . In some cases, transmission of virus from infected cats to man has occurred, which usually results in benign local lesions (for a review see Czerny et al., 1991) . In an immunosuppressed patient however, a generalized and fatal smallpox-like disease may develop (Eis-Htibinger et al., 1990) .
Correct diagnosis of OPV infections is often delayed because of the rather unclear clinical picture, although OPV can be easily identified in specimens by electron microscopical detection of the brick-shaped particles. A more sensitive but tedious method is the inoculation of samples onto the chorioallantoic membrane of embryonated eggs or into the skin of rabbits (Mahnel, 1974) . According to the morphology of the resulting pock lesions, a differentiation into distinct OPV species has been established (Fenner et al., 1989) which is the basis for the current taxonomy (Francki et al., 1991) . Furthermore, restriction enzyme analysis of the viral genome has also proved to be a useful tool for the distinction of OPV species (Mackett & Archard, 1979; Esposito & Knight, 1985) ,
One major shortcoming in all methods of OPV differentiation is the necessity for isolation and propagation of virus. Therefore, we used PCR for an OPVspecific DNA amplification to eliminate the need for virus isolation. We have chosen a region of the gene encoding the A-type inclusion protein (ATIP) (Funahashi et al., 1988) . Although the formation of typical inclusions is restricted to cowpox virus-, mousepox virus-and racoonpox virus-infected cells (Fenner et al., 1989) , antigenically related ATIPs have been demonstrated in several other OPV species (Patel et al., 1986) . Sequence comparisons revealed that the N terminus of the ATIP gene is highly conserved among cowpox, vaccinia, variola, camelpox and mousepox virus (Funahashi et al., 1988; DeCarlos & Paez, 1991; Meyer & Rziha, 1993; Osterrieder et al., 1994) . Previous restriction enzyme analyses and blot hybridizations indicated the existence of defined deletions in the ATIP genes. It has been suggested that this would be useful for diagnostic differentiation (Meyer & Rziha, 1993; . Using the available DNA sequence data a primer set was found that was common to all OPV species and which encompasses different sized deletions, therefore allowing discrimination between OPV species.
Methods
Viruses. Reference strains of vaccinia virus [Elstree (LS) and Western Reserve (WR); Wokatsch, 1972] , cowpox virus [Brighton (BR); Downie, 1939] , camelpox virus (CP-I, Ramyar & Hessami, 1972) mousepox virus [Munich 1 (Ect); Mahnel, 1983] and monkeypox virus [Copenhagen (Cop); von Magnus et al., 1959] were used. Additionally, 36 OPV strains and isolates of various origins were investigated (see Table 1 for designation, origin and classification). All viruses were propagated in the African green monkey kidney cell line MA104. Fowlpox and parapox virus strains HP-1 and D 1701 were cultivated as described by Mayr et al. (1989) . DNA was prepared from purified virions and directly from scab material using proteinase K digestion and phenol extraction . Scabs were obtained from five camels with multiple skin lesions (provided by U, Wernery, Dubai). In one case, virus could be isolated (termed CP-5) and was classified as camelpox virus by biological means. Scab material from a cow's udder with a proven parapox virus infection was provided by H. Mahnel (Miinchen) .
Selection of primers and DNA sequencing.
Published DNA sequences of the ATIP gene region of the following six reference strains were compared: WR, BR, CP-1, Ect, Cop and variola virus strain India (Funahashi et al., 1988; DeCarlos & Paez, 1991; Osterrieder et al., 1994; Meyer & Rziha, 1993; Shchelkunov et al., 1993) . The GCG software (version 7.0) of the University of Wisconsin Genetics Osterrieder et al. (1994) von Magnus et al. (1959) * Classification is based on biological properties according to Fenner et al. (1989) .
Computer Group (Devereux et al., 1984) was used for sequence alignment. The selection of two primers, termed ATI-up-1 and ATIlow-1, was performed by inspection of ATIP genes with the computer program 'oligo' (version 3.3; National Biosciences). The sequences of both primers, 5" AATACAAGGAGGATCT 3" and 5'CTTAA-CTTTTTCTTTCTC 3', were conserved among the OPV species investigated. In order to sequence part of the ATIP gene of cowpox virus isolates EPI and OPV85 (Table I) , two additional oligonucleotides (CoPV-03 and CoPV-04) were used (Meyer & Rziha, 1993) . The resulting PCR products were ligated into the plasmid vector pUC18 (Pharmacia). Sequencing of plasmid dsDNA was performed by the dideoxynucleotide chain termination method (Hattori & Sakaki, 1986) .
Amplification ofDNA. PCR was performed according to Saiki et al. (1988) using a DNA amplification kit (Perkin-Elmer Cetus). The amplification mixture contained 15 ng of each primer (ATI-up-1 and ATI-low-1) and 20 ng of purified viral DNA in a total volume of 50 lal. After incubation for 10 rain at 94 °C, amplification was achieved by 25 cycles, each including a denaturation step at 94 °C for 1 min, an annealing step at 40 °C for l min and an extension step at 72 °C for 2.5 min. The final elongation step was prolonged to 10 rain to ensure complete extension of the amplification products. Five to 15 gl of these products was analysed in 0.7 to 1% agarose gels or, after restriction enzyme cleavage (Boehringer Mannheim), in a 4 % NuSieve agarose gel (Biozym). Water and fowlpox or parapox virus DNA were used as negative controls. PCR with primers CoPV-03 and CoPV-04 was performed as described recently (Meyer & Rziha, 1993) .
Results

Selection of PCR primers
Alignment of the DNA sequence of the ATIP gene of cowpox virus strain BR was performed with the corresponding sequences of vaccinia virus strain WR, camelpox virus CP-1, mousepox virus Ect and monkeypox virus Cop. A variable DNA region containing different sized deletions when compared to BR was found in WR, CP-1, Ect and Cop. In these species the variable region is flanked by conserved sequences. The selection of a primer set derived from the flanking sequences should therefore allow the amplification of different sized fragments. As a result we have chosen the PCR primers ATI-low-1 and ATI-up-1, which span a fragment of 1672 bp in cowpox virus ( Fig. 1 ). Owing to DNA deletions ( Fig. 1) , the corresponding fragments accounted for 1596bp in vaccinia virus, 1219bp in mousepox virus and 881 bp in camelpox virus. In monkeypox virus the DNA sequence represented by primer ATI-low-1 could not be found because of lack of available data.
Differentiation of OPV species
PCR experiments with primers ATI-low-l-ATI-up-1 and template DNA derived from different OPV species resulted in fragments of variable sizes as expected. One representative example of the PCR products obtained using purified OPV DNA as templates is shown in Fig. 2 . HindIII I  I  III  I  II I II I I  I  I I  I I I   ~~_  20 The sizes of DNA fragments estimated after agarose gel electrophoresis exactly corresponded to those calculated from the known DNA sequence data (see Fig. 1 ). The utility of the selected primer pair for the amplification of monkeypox virus DNA was also demonstrated by the appearance of a fragment of about 1500 bp in size (Fig.  1, lane 3) . DNA prepared from scab material of five camels was amplified by PCR. In all cases the size of the fragments obtained corresponded exactly to that derived from purified DNA of the camelpox virus reference strain (Fig. 2, compare lanes 5 and 6) . A 100-fold dilution of scab DNA prior to PCR resulted in a specific signal (lane 8). No amplification products were obtained using parapox and fowlpox viral DNA or DNA prepared from scab material of a cow infected with parapox virus (data not shown).
Mousepox virus Ect
Restriction enzyme analysis further proved the specificity of each OPV-specific fragment amplified, and demonstrated more clearly the size differences between each PCR fragment. After cleavage with BgllI, six DNA fragments were produced in all OPV species, except for camelpox virus with only five DNA fragments. The estimated sizes of the BglII fragments exactly correspond to values deduced from known sequence data (Table 2) .
Owing to the different sizes of the BglII fragments, a unique pattern could be assigned to each OPV species. The pattern obtained for mousepox virus Ect (Fig. 3 fragments found: 522 and 466 bp in cowpox virus, 470 and 444 bp in vaccinia virus (Table 2) .
PCR analysis of OPV field isolates
To address the applicability of the PCR assay, the DNA of 36 OPV strains and isolates with known origins and classifications (see Table 1 ) was tested. Gel electrophoretic analysis of the PCR products amplified from four mousepox and camelpox virus isolates as well as from seven vaccinia virus strains revealed fragment sizes identical to those of the corresponding reference strains Ect, CP-1 and WR (data not shown). This allowed their allocation to the respective OPV species. No amplification was observed with DNA of vaccinia virus strain Copenhagen. Inspection of the amplification products of various cowpox virus isolates, however, demonstrated that the sizes of only nine out of 22 isolates corresponded to the size of the fragment obtained with cowpox virus reference strain BR. The remaining 13 cowpox virus isolates displayed slightly smaller fragments (data not shown). To demonstrate and analyse this size difference in more detail, the various PCR products were digested with BglII. The resulting representative patterns are shown in Fig. 3 for three mousepox and three camelpox virus isolates (lanes 2 to 4 and 5 to 7 respectively), six vaccinia virus strains (including rabbitpox and buffalopox virus; lanes 9 to 14) and six cowpox virus isolates (lanes 15 to 20). Every isolate that belongs to a distinct OPV species (according to the classification given in Table 1 ) displayed identical patterns compared to the corresponding reference strain. This can be seen for two mousepox virus isolates (lanes 3 and 4) when compared to the reference strain Ect (lane 2). Similar results were obtained with camelpox virus isolates (lanes 5, 6 and 7) including isolate CP-5 (lane 7), which was derived from scab material (see Methods). With the exception of vaccinia virus LS (lane 12), all vaccinia virus strains displayed identical patterns. In vaccinia virus LS the size of the 165bp fragment appeared to be reduced slightly to 150 bp.
All 22 cowpox virus isolates could be differentiated from vaccinia virus strains by the appearance of 522 and 466 bp fragments. Although some isolates displayed slightly smaller amplification products compared to cowpox virus BR, no obvious difference in the migration of BglII fragments could be seen. However, upon closer inspection, two distinct subtypes could be further distinguished by the presence (subtypes A) or absence (subtype B) of a small BglII fragment (indicated by arrows in Fig. 3) with an estimated size of about 70 bp. In to, ill, 13 cowpox virus isolates and strains exhibited the loss of this fragment. Digestion of the amplification products of cowpox virus isolates with the restriction enzyme XbaI revealed identical patterns with the exception of one fragment. Its estimated size accounts for about 520 bp in subtype A isolates and for about 450 bp in subtype B isolates (data not shown). Thus, the existence of the two subtypes was confirmed.
Identification of a 72 bp deletion in different OPV species
To identify a suspected deletion, observed in cowpox virus isolates of subtype B (missing the 70 bp BgIII fragment), a PCR with the primers CoPV-03 and CoPV-04 was performed. They span a 566 bp region in the cowpox virus BR DNA including a 72 bp BglII fragment (Funahashi et al., 1988 T ....................... with an estimated size of about 570 bp or 500 bp, respectively (data not shown). The 500 bp fragments of cowpox virus isolates EP1 and OPV85 were cloned and sequenced. In addition to some nucleotide exchanges compared to cowpox virus BR, both EP1 and OPV85 display identical DNA sequences with a deletion of 72 bp. The loss of one BgllI site (Fig. 4) is therefore responsible for the absence of the 72 bp BgllI fragment. The alignment of published ATIP gene sequences with five different OPV species revealed that variola virus strain India and mousepox virus Ect display exactly the same deletion of 72 bp (Fig. 4) .
Discussion
In this communication we report on a PCR assay that allows an easy and rapid identification of OPV. The use of one set of oligonucleotides eliminates the need for various primers specific for each of the five OPV species investigated. Inspection of DNA sequence data demonstrated that the primers chosen also bind to variola virus strain India DNA (Shchelkunov et al., 1993) . For correct typing of amplification products BglII digestion proved to be most useful. The different BglII patterns were also obtained by investigating several isolates of the same OPV species. These results indicate that deletions in or adjacent to the ATIP gene described for the reference strains of mousepox, camelpox and vaccinia virus are highly conserved and can therefore be regarded as a diagnostic marker. This had been already suggested for five mousepox virus isolates (Osterrieder et al., 1994) and four camelpox virus isolates (Meyer & Rziha, 1993) . Several small deletions identified downstream of the ATIP gene stop codon in vaccinia virus WR account for 74 bp (DeCarlow & Paez, 1991) . These deletions seem to be highly conserved in all vaccinia virus strains except strain Copenhagen for which no amplification product was seen. The missing amplification product is in agreement with sequence data (Goebel et al., 1990) . A deletion of 4-1 kb eliminates the sequence that primer ATI-up-1 is specific for. This and the observation that the ATIP gene of vaccinia virus WR has been found to be non-essential for replication in vitro (DeCarlos & Paez, 1991) might indicate that other OPV isolates will also escape amplification. However, the successful amplification and differentiation obtained for 46 OPV isolates, strains and scabs relies on highly conserved sequences. Furthermore, the conservation of supposedly non-essential ATIPs induced by camelpox, variola, monkeypox and vaccinia viruses points to an as yet unidentified function of these proteins in vivo. Our results obtained for rabbitpox and buffalopox virus corroborate the suggestion that these strains represent subspecies of vaccinia virus (Francki et al., 1991) . Based on slight differences in their phenotype, isolates of poxviruses of cats, elephants and other zoo animals are often termed cowpox-like viruses (Bennett et al., 1989) . In our investigation 22 isolates derived from seven animal species (Table 1 ) could be clearly identified as cowpox viruses (Fig. 3) . This is in agreement with Naidoo et al. (1992) who classified feline OPV isolates as cowpox viruses based on restriction enzyme analysis. In this study cowpox virus isolates could be subtyped, but no correlation was found between the specific DNA deletion and their temporal or geographical prevalence, or the host from which the isolates originated. In Western blot analysis of either subtype no significant difference in the protein sizes were noted (data not shown). Interestingly, the same 72 bp deletion was found in the ATIP genes of variola and mousepox viruses. This points to a common mechanism involved in the generation of this deletion. The deletion is found in a region where 10 slightly variable tandem repeats have been identified in cowpox virus BR (Funahashi et al., 1988) . It might be assumed that replication of these repetitive sequences can lead to the alterations described.
In conclusion, the presented PCR protocol combined with restriction enzyme digestion provides a fast and reliable alternative for typing of OPV isolates. Amplification of camelpox virus-specific DNA directly from scab material demonstrates the applicability of the assay for the investigation of clinical samples.
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